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ABSTRACT 
Glucose oxidase (GOD) kinetics comprises a group of inhibitory, deactivant and diffusional 
phenomena interacting with each other in a complex way. These phenomena have given rise to 
differing interpretations, and their description is hindered by studies at moderate glucose 
concentrations (usual condition in many applications of the enzyme), the presence (or absence) 
of catalase in the enzymatic preparation, and the biases associated to the frequent use of linear 
transformations for kinetic characterizations. The objective of this work is to achieve a kinetic 
model that integrates all the mentioned effects and allows satisfactory descriptions in conditions 
(frequent in microbiological context) of wide intervals of substrate concentration, at long 
reaction periods, and in presence of catalase. 
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INTRODUCTION 
 
 In glucose oxidase (GOD) kinetics, especially when one works on a wide range of 
substrate concentrations, it is possible to detect a complex group of inhibitory effects due to the 
substrate (glucose) and product (gluconic acid), that have received little attention. 
 
 Substrate inhibition (SI) has been described by Nicol and Duke [1] for the free enzyme 
from Aspergillus niger, although only at oxygen concentrations lower than 2% relative to 
saturation (2×10–5 M). The conclusion of these observations, cited in the review by Barker and 
Shirley [2], was confirmed by Tse and Gough [3], who specified that the effect is weak with the 
reduced form of the enzyme, and also by Kozhukharova et al. [4], working with inmobilized 
GOD and glucose concentrations above 150 g/L. Much more numerous, however, are the studies 
which, in diverse conditions of operation, have either found no evidence of SI [5-9], or avoided 
the allusion to the phenomenon when describing the kinetic properties of the enzyme [10-14], or 
provided kinetic constants without including the corresponding to this effect [15-19]. 
 
 On the other hand, the structural similarity between glucose and gluconic acid allows to 
suspect the possibility of competitive product inhibition. Nevertheless, the allusions to such 
mechanism, as well as the work especifically directed to verify it, are scarce. With a correct 
experimental approach, although nowadays deemed unconventional, Nakamura and Ogura [20] 
concluded that inhibition by gluconolactone (precursor of gluconic acid), was due to gluconic 
acid binding with the active site of the enzyme (competitive inhibition). Rogers and Brandt [21] 
described the same effect with glucal (analogue of glucose with a double bond between carbon 1 
and 2). Additionally, although the phenomenon is not directly transferable to enzymologic 
domain, it is worth noting that Velizarov and Beschkov [22] found substrate and product 
inhibition in the conversion of glucose to gluconic acid in cultures of Gluconobacter oxydans. 
Nevertheless, neither the review of Barker and Shirley [2], nor the most recent one of Crueger 
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and Crueger [23] include gluconic acid among the GOD inhibitors, and Tse et al. [24], working 
with GOD and immobilised catalase on synthetic membranes, do not corroborate this effect. 
 
 These discrepancies could be due to structural differences in enzymes of different origin, 
such as those noted by several authors [6, 13, 25, 26]. However, other causes may also play a 
role, for example, moderate glucose concentrations, which are usual conditions in many 
applications of GOD. Another may be the frequent use of linear transformations (e.g. 
Lineweaver-Burk) for the kinetic description. This approach is very sensitive to experimental 
error and the cause of substantial biases, particularly when applied to cases with substrate 
inhibition. Finally, the frequent presence of catalase in the preparations of GOD tends to obscure 
a kinetic profile which, although due to partial inactivation of the enzyme by the hydrogen 
peroxide co-product of the reaction, contributes to focus the attention towards the possibility of 
inhibitory effects. 
 
 The aim of this work is to study in more detail these phenomena, and propose 
corresponding descriptive models. 
 
 
 
MATERIALS AND METHODS 
 
1: Enzymes employed 
 Two preparations of GOD (EC 1.1.3.4) were studied, both from A. niger. The first was the 
product SIGMA G-7141 (limits of activity: 15,000-25,000 units per gram of solid, without added 
oxygen. Unit definition: required amount of enzyme to oxidize 1 mole of -D-glucose to D-
gluconolactone and H2O2 per minute, at 35ºC, pH=5.1). The second was obtained from a 
submerged culture of A. niger CBS 554-65 [27] by the following procedure. When the maximum of 
–3– 
GOD activity was reached, the filtered medium (50 L) was concentrated by membrane 
ultrafiltration (100 kDa) to a final volume of 2.5 L. The retentate was washed by diafiltration, 
continuously adding water (up to 10 L) at an equivalent rate to that permeate outflowing. 
Ultrafiltration was continued to make the washed retentate up to 0.4 L and this final volume 
was freeze dried to obtain a dry powder. Table 1 shows the main characteristics of both 
preparations. 
 
 The catalase (EC 1.11.1.6) used, as an additive and as a standard to determine its presence 
in the GOD preparations, was the product SIGMA C-3515. Limits of activity: 4,000-8,000 units per 
mg protein. Unit definition: required amount of enzyme to descompose 1 mole of H2O2 per min 
at 25ºC, pH=7.0, while the H2O2 concentration (followed by means of the decrease in 
absorbance at 240 nm) falls from 10.3 to 9.2 mM. 
 
2: Analytical methods 
 All reagents used were of analytical quality (SIGMA). 
 GOD and hydrogen peroxide: In the method of Lloyd and Whelan [28] for the 
determination of GOD, the reaction catalysed by this enzyme is linked to the decomposition of 
hydrogen peroxide with peroxidase (PO) and oxidation of the chromogenic reagent o-
dianisidine. 
 Glucose + O2 Gluconolactone GOD Gluconate + H2O2 
 H2O2 + o-dianisidine o-dianisidine (ox) + H2O PO
 
 This sequence of reactions is applicable to several objectives, among them: (a) to quantify 
the enzymatic activity of a sample with an unknown amount of GOD, (b) to quantify, in a 
typical Michaelian approach, the amount of hydrogen peroxide (and, consequently, gluconate) 
that produces a known activity of GOD in the presence of variable concentrations of glucose. 
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 In both cases, analysis was performed according to the method of Fiedurek et al. [29]. In 
the basic method for determination of GOD, the reagents used were: A: glucose, 18 mg/mL; 
peroxidase, 16 EU/mL, and glycerol, 0.53 g/mL, in 0.2M citric-phosphate buffer, pH=5.1. B: o-
dianisidine, 2 mg/mL in distilled water. C: sample with an unknown amount of GOD. The 
reaction was carried out by mixing 1.9 mL of A and 0.1 mL of B, maintaining the mixture for 10 
minutes at 30ºC, and then adding 0.1 mL of C. After shaking for 15 minutes at 200 rpm and 
30ºC, the reaction was stopped by adding 3 mL of 5N HCl and absorbance was measured at 525 
nm (oxidised o-dianisidine). As a standard a series of dilutions of GOD SIGMA G-7141 was used 
(a suitable interval is 0.1-1.0 EU/mL) in place of solution C. 
 
 This method permits a variation (recommended by SIGMA) which consists of eliminating 
the glycerol from solution A, making the reaction mixture in a spectrophotometric cell and 
measuring absorbance at 435 nm every 30 seconds over a period of 5 minutes maximum, taking 
as the reaction rate the slope of the stretch in which the variation of the absorbance is linear. 
 
 Although both procedures provide equivalent results, the first was preferred in the 
Michaelian experiments. The main reason was the need to work under controlled agitation 
conditions, an important factor when it became necessary to study the possible diffusional 
restrictions due to gluconate. In this case, the basic method was applied with the following 
variations: 1) In solution A the glycerol was eliminated, the concentration of peroxidase was 
increased to 300 EU/ml, the concentration of glucose was varied within the desired range and, 
when the effects of gluconate were studied, the desired concentrations of the acid were added. 2) 
The reaction time was reduced to 4 minutes. 3) The absorbance was measured at 525 nm. 4) As 
a standard a series of dilutions of H2O2 was used (a suitable interval is 0.5-5.0 mM) in place of 
solution C. 
 
 One alternative which was also assayed in the Michaelian approach was the determination 
of gluconate formed. To do this, the reaction was stopped with 4 mL of 1N HCl and, after 2 
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hours, the solution was taken to pH=10-11 with 2N KOH, and gluconate determined by means 
of the method described below. The results did not show significant differences from those of 
the o-dianisidine reaction which, simpler and more economical, was the method finally adopted. 
For long reaction periods (75 h) the necessary sterile conditions were achieved by filtering all 
solutions through a 0.22 m membrane (the usual method of sodium azide creates interferences 
with the reaction catalysed by the GOD). 
 Catalase: The method proposed by SIGMA was followed: 100 L of the enzyme solution 
was mixed in a 1 cm cell with 2.9 mL of a substrate solution (100 L 30% H2O2 in 50 mL 
phosphate of buffer 0.05M; pH=7.0). The disappearance of H2O2 was measured as the decrease 
in absorbance at 240 nm. Under these conditions (initial value >0.450) the reproducibility is 
good in the period of time required for the absorbance to decrease between 0.450 and 0.400, 
which corresponds to the decomposition of 3.45 M H2O2. Accordingly, the concentration of 
catalase in the sample was 3.45/(minutes×0.1) EU/mL, where 1 EU is the quantity of catalase 
which decomposes 1 M H2O2 min-1. 
 
 Glucose: 4-aminoantipyrine method [30]. 
 
 Gluconic acid: specific method of Möllering and Bergmeyer [31] based on the 
measurement of NADPH+H+ formed in the process: 
 D-gluconate + ATP + Gluconate kinase  D-gluconate-6-P + ADP 
 D-gluconate-6-P + NADP+ + 6-P-Gluconate dehydrogenase  Ribulose-5-P + NADPH+ + H+ + CO2 
 Gluconolactone potentially present is quantitatively converted to gluconate by taking the 
sample pH to 10-11 with addition of KOH 2N, and maintaining this pH for 15 minutes. 
Thereafter, prior to analysis, the pH was adjusted to 7-8 with 0.1N HCl. 
 
3: Other methods 
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 The initial equations of kinetic descriptions are shown in Table 2. To avoid the biases 
associated with linearisation procedures, the calculation of the coefficients was performed with 
non-linear methods. The quadratic differences between experimentally determined and model-
predicted values were minimised (quasi-Newton). The experimental plan for description of the 
interactions between GOD and catalase will be described below. 
 
 
RESULTS AND DISCUSSION 
 
1: Preliminary results 
 
 In Figure 1 the results of two conventional Michaelian experiments with the two GOD 
preparations (Table 1) are compared at a concentration of 1 EU/mL in the incubation mixture 
and substrate concentration between 1 and 100 g/L. In both cases, the fits (quasi-Newton) to 
equations  (1) and (2) of Table 2 support the hypothesis of SI existence, which is most prominent 
in the purest preparation. 
 
 The isoelectric focusing of both preparations showed no differences in the 4 bands of 
GOD, and supplementation of the purest preparation with FAD until the FAD/GOD ratio of the 
least pure preparation did not change its activity. Therefore, the ratio catalase/GOD was 
suspected to be involved in the apparent kinetic differences. It should be noted that hydrogen 
peroxide, with deactivating action on GOD, is a co-product of the enzymatic reaction, and 
therefore the high substrate concentrations imply high rates of peroxide production. 
Accordingly, it may be assumed that certain combinations of kinetic parameters cause a decrease 
in the effective GOD from a certain substrate level, producing profiles showing a rate decrease 
from a maximum. The situation can be schematically simulated on the basis of the following 
assumptions: 
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  The molar rates of formation of the products (gluconic acid: vGnH and hydrogen peroxide: 
vOX) are the same and can be modeled by means of the Michaelis-Menten equation at each time 
instant. Where S and GOD are the concentrations of substrate and enzyme: 
 
 vGnH = vOX  = GOD
SK
SV
m
m
  (6) 
 
OX formed after a time interval t is obtained by numerical integration of (6) with respect to time: 
 
 OX =





t
t m
m GOD
SK
SV
0
 (7) 
 
 Accepting as the simplest kinetic hypothesis that peroxide deactivates the enzyme in a 
second order reaction (first order in each of the species, kinetic rate constant = g), the rate of 
deactivation of GOD in each time instant will be: 
 
 uGOD = g OX  GOD (8) 
 
and the active enzyme after a time interval t, where GOD0 is the initial concentrations, is: 
 
 GOD = GOD0 –  (9) 

t
GODOXg
0t
    
 
 Figure 2 shows a simulation of this type of system, using the equations (6) to (9) with 
arbitrary parameters (specified in the figure) for initial concentrations and coefficients. Although 
a more realistic model ought to include other phenomena as will be seen later, the schematism of 
such a simulation does not affect the conclusions of interest here: 1) in a typical Michaelian 
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experiment, the effect of the hydrogen peroxide can produce a decreasing rate from a maximum 
value, with superficially similar profiles to those due to SI. However: 2) the fall from a 
maximum only occurs when working at rates far from the initial rate, and 3) the fit of those 
profiles to equation (2) of Table 2 (true substrate inhibition) is poor and presents clear 
autocorrelation in the residuals. 
 
 Accordingly, the discrimination between the effects of SI and hydrogen peroxide tend to 
become more problematic as the reaction period increases and, naturally, as the experimental 
error increases. These factors therefore acquire more importance than usual in this type of test. 
In fact, comparing the proportions of product formed and activity of GOD remaining in buffered 
media, at long reaction periods (Figure 3) the apparent stability of the most impure preparation 
is greater, and addition of a catalase supplement equates the results of both preparations. In a 
Michaelian approach, however, the impure supplemented preparation reproduces the kinetic 
profile of Figure 1, without contributing to the disappearance of the effect attributed to SI. 
 
 
2: Substrate inhibition  
 
 Considering the fact that the presence of catalase eliminates the interference of hydrogen 
peroxide in the evaluation of SI, it was decided to substantiate the extent of this effect with the 
most impure preparation in a new Michaelian experiment. The conditions were the same as 
previously, but increasing the domain of the substrate concentration to 250 g/L. The experiment 
was carried out by triplicate, and confidence intervals (<0.05) are represented in Figure 4. 
Again, the fit of the values (quasi-Newton, parameters in Table 3) to equations (1) and (2) of 
Table 2 suggested SI. The revised conclusion, now with no possible interference by peroxide, 
must consider the following factors. 
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 As Tan et al. [32] have shown in terms applicable to this work, equation (2) of Table 2 can 
be derived from the existence in the enzyme of specific points, different from the active site, 
whose binding to the substrate determines inhibition. This may justify the discrepancies alluded 
to in the introduction in terms of the differences between enzymes of different origin. However, 
equation (2) also adequately describes the phenomena derived from diffusion restrictions in the 
reaction mixture. The effect is clear with polymeric substrates, whereby the effect increases with 
the degree of polymerisation [33, 34], and generates kinetics formally indistinguishable from SI 
[35]. Accordingly, and in absence of evidence for the existence of specific points of SI, the 
results in Figure 4 could translate this second type of phenomena, which are probably more 
independent of the enzyme origin. Although for GOD it is unreasonable to attribute significant 
diffusional effects to the substrate, the high viscosity of gluconic acid could make a contribution, 
in addition to its possible role as a competitive inhibitor. 
 
 
3: Product inhibition  
 
 Product inhibition was studied by comparing the rates of a control under the previous 
conditions (substrate up to 150 g/L), with those obtained with 2.5; 5; 10 and 20 g/L gluconic 
acid (12.75; 25.49; 50.98 and 101.96 mM). Figure 5 shows the resulting fits to the models 
discussed below. 
 
 With the most moderate levels of substrate tested here, the characteristic profile of SI in 
the control without initial gluconic acid was less prominent, despite the fact that the best fits 
were again obtained with equation (2) of Table 2. Therefore, this was taken as the starting point 
in which other possible inhibitory effects were introduced: 
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 Competitive inhibition:    SKSIKK
SVV
sccm
m
 11  (10) 
 
 Uncompetitive inhibition:   aasm
m
IKSKSK
SVV  11  (11) 
 
 Non-competitive inhibition:    nnsm
m
IKSKSK
SVV  11  (12) 
 
 Since under these conditions the classic methods of linearisation were inadequate, the 
evaluation criterion was based on the ability of the proposed models to simultaneously solve 
(quasi-Newton) the five series of results. 
 
 A superficial examination of figure 5 suggests that inhibition by gluconic is not, or not 
only, competitive, since it produces a decrease in the maximum rate. In fact, the fit to equation 
(10) is poor: at high levels of gluconic acid the rate is overestimated, and low levels create SI as 
an artefact. It may be concluded, therefore, that the effect of gluconic acid is more important 
than proposed by the model, whereby the fitting method (in absence of the adequate term) put 
too much emphasis on the coefficient Ks. Additionally, models (11) and (12) were 
unsatisfactory, although the latter produced profiles between observed and expected results 
somewhat more approximated and correlations close to linearity (r = 0.982; figure 6A). 
 
 Accordingly, the noncompetitive model can be accepted as a base for improvement with 
additional assumptions, guided by the analysis of the residuals generated by the corresponding 
equations. Such residuals demonstrate a curvature in the noncompetitive model which suggests 
the absence of a second order term (Figure 6A). Therefore, in this case the noncompetitive term 
can be transformed from (1+Kn I) to (1+Kn I2): 
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    211 nnsm
m
IKSKSK
SVV   (13) 
 
 The modification raises the randomness of the distribution of the residuals, reduces the 
curvature of the corresponding function (Figure 6B) and improves the correlation between 
observed and expected values (r = 0.993). However, the criterion for introducing this 
modification must also validate competitive mechanism (Figure 6C; r = 0.997) which, alone 
incapable of explaining the results, is now the only assumption which improves the fit of the 
equation (13). Table 4 resumes the characteristics of the equations discussed, leading to the 
proposition of the following descriptive model: 
 
      2111 nnsccm
m
IKSKSIKK
SVV   (14) 
 
 Although competitive inhibition of GOD by gluconic acid is not problematic, the 
justification of the qualified term of “second order noncompetitive effect” seems more obscure. 
Accordingly, it should be noted that it is difficult to find an alternative to the equation (14), with 
other reasonable solutions being very far from a satisfactory fit. In fact, the hypothesis of any 
two or three simultaneous inhibitory effects generates unacceptable residuals and biases. An 
additional uncompetitive term in (14) produces a negative Ka coefficient, and the calculation 
with the restriction Ka 0 reproduces (14) with Ka=0. Finally, if the concentration of gluconic 
acid is considered as the sum of the initial plus the average concentration produced during the 
incubation, again one obtains (14), with variations lower than 10–5 in Kn and Kc. 
 
 To suggest an underlying physical phenomenon of the quadratic term in (14), a direct 
interpretation of the expression would suggest that there is a retarding effect of enzyme-substrate 
binding. Moreover, the effect appears not to involve blocking of the active site and is of greater 
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intensity (thus second order) than a conventional non-competitive inhibitor. Furthermore, this 
phenomenon may also be related to the cited restrictions on diffusion due to gluconic acid 
viscosity, and in fact, the effect decreases when increasing the stirring rate of the reaction 
mixture, a factor, however, that is not possible to include directly in a michaelian model. Thus, it 
can be speculated that the viscosity retards the enzyme-substrate binding and the enzyme-
product separation, by mechanisms not strictly agreeable to those of non-competitive mechanism 
or SI. Therefore, they cannot be described adequately with these functional forms. 
 
4: Effect of catalase. A dynamic model 
 
 To study the effect of catalase on GOD activity, two series of tests were performed with 
GOD (2 EU/mL) and glucose (150 mg/mL) in the absence and presence of 100 EU/mL catalase. 
The incubation period was prolonged for 70 hours at 30ºC. The experimental results, fit to the 
model discussed below, are shown in Figure 7. 
 
 The model is based on arguments which complete those for the simulation in Figure 2, and 
is of dynamic character for two reasons. Firstly, hydrogen peroxide, a product of the reaction, 
deactivates the GOD; moreover, catalase decomposes hydrogen peroxide, at the same time as it 
contributes to deactivate catalase. Accordingly, the presence of catalase causes the following 
sequence of phenomena: a) favours the action of GOD: b) increases the rate of hydrogen 
peroxide production: c) increases the rate of catalase deactivation: d) contributes to the decrease 
in GOD activity. The situation, therefore, can be described from the instantaneous rates of 
formation (v) and decomposition (u) of the species involved, and thereafter their concentrations 
remaining after a time interval t. In other words: 
 
1: Gluconic acid (GnH): where S is the concentration of substrate (glucose), m a Michaelian 
function, with or without inhibition, and where subscript t refers to time: 
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  vGnHt = m (St ; GODt)  (15a) 
 GnHt = GnHt-1 + vGnHt-1 t (15b) 
 
2: Hydrogen peroxide (OX): as a co-product of the reaction, its formation rate (in molar units) is 
given by the same equation as for gluconic acid: 
 
 vOXt = vGnHt (16a) 
 OXt  = GnHt (16b) 
 
Hydrogen peroxide decomposition can be considered the result of two processes, one 
spontaneous, for which first order kinetics can be assumed as the simplest hypothesis: 
 
 u1OXt  = k1 OXt  = k1 GnHt   (17) 
 
and another catalysed by catalase (CAT) and, therefore, Michaelian: 
 
 u2OXt  =  m (OXt ; CATt) = m (GnHt ; CATt) (18) 
 
In view of the fact that both processes, along with the formation of OX, are simply additive: 
 
 uOXt = u1OXt + u2OXt  (19a) 
 OXt = OXt–1 + t (vOXt–1 – uOXt–1)  (19b) 
 
3: Glucose oxidase (GOD): is assumed to be affected by three types of processes: 
 
3.1: spontaneous decomposition, with first order kinetics as the simplest hypothesis: 
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  u1GODt = g1 GODt  (20) 
 
3.2: deactivation by hydrogen peroxide, with second order kinetics, first in each species, again 
as the simplest hypothesis: 
 
 u2GODt = g2 OXt  GODt  (21) 
 
3.3: deactivation by the difference (H) between the pH of maximum stability and the system pH: 
 
 u3GODt = g3 Ht  GODt  (22) 
 
Summing the three rates: 
 
 uGODt = GOD (g1 + g2 OX + g3 Ht) (23a) 
 GODt = GODt–1  – uGODt–1 t (23b) 
 
 With these principals, the rate of formation of gluconic acid in a time instant t, equivalent 
to the formation of hydrogen peroxide during the same instant, is modified in the following time 
instant, t+1, in agreement with the Michaelis-Menten equation. This arises in virtue of the 
variation in substrate concentration and also by the fall in the concentration of GOD during the 
time period t. 
 
 Accordingly, numerical integration of the net rate equations (16a) and (23a) with respect 
to time, allows to calculate the concentration of product and enzyme activity. Thereafter 
minimizing the quadratic differences between these and the experimental values, it is possible to 
estimate the parameters involved in (16a) to (23b). The solution obtained (Figure 7) presents a 
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good fit to the experimental results (correlation coefficients of 0.978 and 0.995). The pH of 
maximum stability (5.49) agrees with the literature data and the data confirmed by direct 
measurement. The kinetic parameters, including the corresponding inhibitory effects, coincide 
with the results described in the previous section (the non-competitive inhibition does not appear 
less important). 
 
 Finally, attention should be drawn to a problem which is no easy to solve in the context of 
the system studied here and already discussed in a precedent work [29]. Recent estimates [33] of 
the kinetic parameters of the purified catalase from A. niger provides values of 322 mM H2O2 
and 3.62105 mol O2 heme–1 s–1 respectively for Km and Vm. But the conditions studied here are 
those of a more complex system, that does not necessarily guarantee a behavior of the catalase 
that allows the rigorous calculation of its kinetic parameters. Moreover, since catalase is an 
enzyme with a high conversion rate, even a very low concentration is enough to reduce the 
concentration of hydrogen peroxide in the system to values that are difficult to quantify with a 
reasonable degree of error (i.e. the rapid disappearance of the peroxide is guaranteed starting 
from a value of the maximum rate that can be inferior to the real one). 
 
CONCLUSIONS 
 Oxidation of glucose catalysed by GOD can only be satisfactorily adjusted to a Michaelian 
model if diverse inhibitory effects of the substrate and products (gluconic acid and hydrogen 
peroxide), as well as possible interferences due to the catalase (often present in partially purified 
preparations of GOD), are taken into account. Many kinetically focused studies concentrate on 
the behaviour of the immobilized enzyme, applied to the development of glucose probes. Due to 
the very low substrate concentrations used in these studies, detection of the above-mentioned 
effects becomes difficult. In the microbiological field, on the contrary, the usual conditions 
involve higher concentrations of glucose, but the systems studied contain many components that 
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vary with time, hindering the kinetic approach (it should be pointed out, however, that the 
indications of inhibitory effects originate basically from this area). 
 
 In this work, instigated by previous observations in microbial cultures, the complexity of 
these systems is simplified without reducing their habitual glucose levels, and maintaining the 
presence of catalase. In this way, it was possible to show that the kinetics of the GOD is affected 
by: 1) Substrate inhibition, 2) Competitive inhibition by gluconic acid, 3) A decrease of the 
reaction rate due to diffusional restrictions determined by the viscosity of the gluconic acid, 4) A 
decrease of the reaction rate due to enzyme deactivation by hydrogen peroxide, a feature (with 
some phenomenological resemblance to true substrate inhibition) which disappears when 
catalase is present. Working within a wide interval of glucose concentrations, or in the context 
of microbial cultures for production of GOD, the above effects must necessarily be considered. 
The models proposed in this paper allow us to evaluate them. 
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Abbreviations and symbolic notations used       
GOD  glucose oxidase 
PO  peroxidase 
FAD  flavin adenine dinucleotide 
NADP+ (and NADPH+H+)  nicotinamide adenine dinucleotide phosphate (and reduced form) 
ATP (and ADP)  adenosin triphosphate (and diphospate) 
SI  substrate inhibition 
Simulation   
vGnH  rate of gluconate production 
vOX  rate of hydrogen peroxide production 
S  substrate concentration 
OX  hydrogen peroxide formed after a time interval t 
Vm   maximum rate of product formation (Michaelis and Menten model) 
Km  Michaelis constant 
uGOD  rate of GOD deactivation 
GOD  concentration of GOD (with GOD0 as initial value) 
g  kinetic parameter (second order) 
Michaelian 
approaches 
  
Ks  substrate inhibition coefficient 
Ic  concentration of competitive inhibitor 
Kc  competitive inhibitor coefficient 
Ia  concentration of uncompetitive inhibitor 
Ka  uncompetitive inhibition coefficient 
In  concentration of non-competitive inhibitor 
Kn  non-competitive inhibition coefficient 
Dynamic model   
vGnHt  rate of gluconate production in a time instant t 
m  Michaelian function 
S  substrate concentration 
GODt  GOD concentration 
GnHt  gluconate formed after a time interval t  
vOXt  rate of hydrogen peroxide production in a time instant t 
OXt  hydrogen peroxide formed after a time interval t 
u1OXt  rate of spontaneous (firt order) decomposition of hydrogen peroxide 
k1  kinetic parameter (first order) 
u2OXt  rate of hydrogen peroxide decomposition by catalase (first order) 
CATt  catalase concentration  
uOXt  rate (total) of hydrogen peroxide formation in a time instant t 
u1GODt  rate of spontaneous (first order) decomposition of GOD 
g1  kinetic parameter (first order) 
u2GODt  rate of GOD deactivation (second order) 
g2  kinetic parameter (second order) 
u3GODt  rate of GOD deactivation (second order) 
g3  kinetic parameter (second order) 
Ht  difference between pH of maximum stability of GOD and real pH 
u GODt   r ate (total) of GOD decomposition 
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TABLE 1: Analytical details of the GOD preparations used in the kinetic experiments.         
    Raw preparation SIGMA G-7141   
GOD (EU/mg solid)  16.7 172.0 
GOD (EU/mg protein)  34.79 236.52 
Catalase (EU/mg solid)  7.93 tr 
Catalase (EU/mg protein)  16.52 tr 
Catalase / GOD  0.475 tr 
FAD (mg/mg solid)  0.002 0.007 
Total carbohydrates (mg/mg solid)  0.22 0.11 
Protein (mg/mg solid)  0.48 0.73 
 
 
 
 
   
TABLE 2: Initial models applied to the analysis of the kinetic results. Vm: maximum rate; 
Km: Michaelis-Menten constant; S: substrate concentration. In all cases the factor Fi 
takes the form Fi=Ki Ii, where Ii is the inhibitor concentration and Ki is the inhibition 
constant (dimensions 1/Ii). In substrate inhibition, Ii = S.       
 
(1) 
 
without inhibition    SK
SVV
m
m
  
 
(2) 
 
substrate inhibition    
sm
m
SFK
SVV  = 2SKSK
SV
sm
m
  
 
(3) 
 
competitive inhibition    SFK
SVV
cm
m
  
 
(4) 
 
noncompetitive inhibition      nm
m
FSK
SVV   
 
(5) 
 
uncompetitive inhibition 
 
   
am
m
SFK
SVV   
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TABLE 3: Parameters for models (1) and (2), applied to the experimental results of figure 1.         
 Without substrate inhibition  With substrate inhibition 
Km  (g.L–1) 2.613  3.523 
Vm  (mM.min–1) 8.052  9.003 
Ks  (1 / [S]) –  0.0010 
Correlation (r) observed v. expected values 0.974  0.996 
 
 
 
 
     
TABLE 4: Parameters and fi  of the specified m dels for the kinetic description of GOD. ts o             
 (2  )  (12)  (13)  (14)           
Km (g.L–1) 3.523  5.888  5.708  4.364 
Vm (mM.min–1) 9.003  11.091  9.526  9.350 
Ks (L.g–1) 0.0010  0.0016  0.0015  0.0017 
Kc (L.g–1) -  -  -  0.015 
Kn (L.g–1) -  0.014  0.00015  0.00011 
r (observed v. expected) 0.996  0.982  0.993  0.997 
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 FIGURE CAPTIONS  
 
Figure 1: Kinetics of the preparations of GOD described in Table 1 (left: impure preparation; 
right: SIGMA product). S: substrate concentration; V: rate of production of gluconic acid. The 
experimental results (points) show fits to the Michaelis-Menten model, without (dotted line) and 
with (continuous line) substrate inhibition. 
 
Figure 2: Simulation of the interference by hydrogen peroxide in the kinetic profiles obtained 
with increasing reaction periods. Simulation was performed using the equations (6) to (9) with 
the following parameters: Vm=0.8; Km=2; GOD(t=0)=1; S0=100; g=0.005; t1=75; t2=100; t3=110. 
Left: expected results (points) and their fit (lines) to equation (2) of Table 2 (note the similarity 
of cases t2 and t3 with the true substrate inhibition). Right: residuals of the corresponding fits 
(note the pronounced autocorrelation). 
 
Figure 3: Production of gluconic acid and GOD remaining in the impure preparation (left) and 
the SIGMA product (right), without (white symbols) and with (black symbols) a supplement of 
100 EU/mL catalase. The solution was buffered with 0.2 M citrate-phosphate; pH=5.1. Initial 
GOD: 2 EU/mL; Initial substrate: 25 mg/mL. 
 
Figure 4: Kinetics of the impure preparation of GOD, adjusted to the Michaelis-Menten model 
without (fine line) and with (thick line) SI. The bars indicate the confidence interval (n=3; 
<0.05) of the production slopes of gluconic acid, calculated from five intervals of maximum 
length of 4 minutes. 
 
Figure 5: Kinetics of GOD in absence (X) and presence of gluconic acid (Ü, Å, É and Ñ: 
12.75; 25.49; 50.98 and 101.96 mM, respectively), fitted (continuous lines) to model (14). 
 
Figure 6: Correlation between expected and observed results (left) and residual distributions 
(right) as a function of the concentration of gluconic acid (right), using equations (12), (13) and 
(14): A, B and C respectively. 
 
Figure 7: Gluconic acid produced (left) and remaining GOD (right), in incubations of the impure 
preparation, without (É) and with catalase supplement (J), under the conditions described in 
–22– 
figure 3. The continuous lines represent the corresponding fits to the model proposed in 
equations (15a) to (23b). 
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FIGURE 2 
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FIGURE 4 
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FIGURE 5 
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FIGURE 6 
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FIGURE 7 
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